The reactivity of diatomic palladium-titanium toward carbon monoxide has been studied in solid argon by infrared spectroscopy (FTIR) in the carbonyl stretching frequency region. Our technique of sublimation of Ti and Pd atoms from two filaments heated separately allowed the identification of five new molecules.
INTRODUCTION
Bimetallic catalysts have attracted great research efforts in the past decades due to their chemical and physical properties different from the individual pure metals and promising applications in chemical conversion, energy technology and environmental protection [1] [2] [3] [4] . Since a lot of studies are interested in all these important applications, numerous experimental and theoretical investigations have been focused on the reactions of transition metal atoms and small clusters with carbon monoxide and a variety of transition-metal carbonyl molecules have been characterized [5] [6] [7] [8] [9] [10] . Rare gas matrix isolation is a well established technique used to stabilize small metal molecules and clusters in large enough quantities to enable detection by electronic or vibrational spectroscopy 11 , thus providing a first approach to investigate the atomic or molecular reactivities, complementary or preliminary to gas-phase investigations. [12] [13] Recently, many works have been reported on polynuclear carbonyls by trapping evaporated M atoms with carbon monoxide in solid argon. As an example, some small metal cluster carbonyls, such as Co 2 CO 14 , Fe 2 CO 15 , Ti 2 (CO) n (n=1,2) and Ti 3 (CO) n (n=1-3) 16 , M 2 CO (M= Sc, Y and La) [17] [18] [19] , (AgCO) 2 and Ag n CO (n=2-4) 20 , Au n CO (n=1-5) and Au 2 (CO) 21 have been synthesized and characterized by infrared spectroscopy in the carbonyl stretching frequency region [14] [15] [16] [17] [18] [19] [20] [21] and in the far infrared [14] [15] .
In our laboratory, by coupling matrix isolation FTIR spectroscopy and DFT calculations, the molecules Pd 2 N 2 22 then Pd 2 CO 23 isolated in solid argon and neon were characterized. There are strong similarities between these two molecules since the ground state corresponds to the ligand bridged (br) on the two Pd atoms, Pd 2 (η 2 -L), with a C 2v symmetry. In argon we observed another isomer with the ligand in terminal position (end on, eo), Pd 2 (η 1 -L), with a frequency of about 180 cm -1 higher than the C 2v form. By selective irradiations in the visible, it is possible to convert the molecules of the terminal form to bridged form.
On the other hand, using laser-ablation method for producing metal atoms, Andrews and co-workers showed that titanium atoms react readily with CO molecules in argon 7 and neon 8 , and infrared spectroscopic evidence with 13 CO and C 18 O substitution is presented for the identification of Ti(CO) n species (n = 1-6).
But using thermal evaporation for producing metals atoms, Manceron and co-workers did not observe the band assigned to TiCO in neon, and they have observed the Ti 2 CO molecule 24 . More, Xu and co-workers reported the FTIR spectroscopic characterization and theoretical investigation of side-on-bonded mono and polycarbonyl titanium clusters Ti 2 (CO) n (n=1,2) and Ti 3 (CO) n (n=1-3) 16 . Another work has experimentally
shown that the Ti dimer spontaneously reacts with N 2 O molecule leading to the formation of an adduct 3 complex, OTi 2 N 2 . Irradiation in the near infrared region results to the N≡N bond breaking and then the formation of a new molecule, OTiNTiN 25 .
Concerning the heteronuclear carbonyl molecules, many works have been done on bimetallic carbonyl anions and cations in the gas phase. Mass-selected CuFe(CO) n -(n = 4−7), FeM(CO) 8 + (M = Co, Ni and Cu), MCu(CO) 7 + (M = Co and Ni), FeZn(CO) 5 + , and CoZn(CO) 7 + molecules have been studied by infrared photodissociation spectroscopy in the carbonyl stretching frequency region [26] [27] [28] . The geometric and electronic structures of these ions are assigned with the support of density functional calculations. Also, a series of heteronuclear metal carbonyl anions have been investigated using photoelectron velocity-map imaging spectroscopy: CuNi(CO) n − (n = 2-4), MNi(CO) 3 − (M = Mg, Ca, Al), MNi(CO) n − (M = Ti, Zr, Hf; n = 3-7), AgNi(CO) n − (n = 2, 3), V 2 Ni(CO) n − (n = 6−10), and VNi(CO) n − (n =2-6) [29] [30] [31] [32] [33] [34] . In these works, the electron affinities, the C-O stretching modes, and the vertical detachment energies are measured (all the parameters are not determined in each work).
The purpose of the present work is to extend the study of the reactivity of the neutral homonuclear dimer to heteronuclear dimer. We report for the first time the reaction of the PdTi heterodimer with CO in solid argon and the formation of PdTi(CO) n (n=1-3) and Pd x Ti y (CO) 2 , neutral molecules. Each metal is vaporized separately and the PdTi formation occurs in the matrix. We investigated these carbonyl complexes using infrared spectroscopy combined with density functional calculations to obtain the geometrical and electronic properties. The system Pd + Ti has been chosen for the fact that the reactivity of the Ti+CO 7, 8, 16, 24 and Pd+CO 9,10,23 systems has been examined in Ar or Ne matrix giving a first approach to the spectral analysis.
EXPERIMENTAL AND COMPUTATIONAL DETAILS
The experimental setup for matrix isolation FTIR spectroscopic investigation has been described in detail previously 35 . Briefly, the samples were prepared by co-condensing Ti and Pd vapors and CO-Ar bolometer fitted with cooled bandpass filters. Bare mirror backgrounds were used as references for processing the sample spectra. Also, absorption spectra in the near, mid-and far infrared were collected on the same samples through either CaF 2 , CsI or polyethylene windows mounted on a rotatable flange separating the interferometer vacuum (10 −3 mbar) from the cryostatic cell (10 −7 mbar). The spectra were subsequently subjected to baseline correction to compensate for infrared light scattering and interference patterns. The sample was next either annealed in order to increase the abundance of aggregates (if necessary) or irradiated at various wavelength using broad or narrow band-pass filters with a 200 W Hg-Xe highpressure arc lamp. The most significant results only will be described below.
Molecular geometries were optimized using the DFT B3LYP method with a correlation consistent basis set of triple-zeta quality (cc-pVTZ) for C, O and Ti atoms and the cc-pVTZ-PP basis set with extended relativistic pseudo-potentials for Pd obtained from the Basis Set Exchange (BSE) software and the EMSL Basis Set Library. [36] [37] All calculations have been performed with the Gaussian 09 quantum chemical package. 38 Vibrational frequeny analysis has been done within the harmonic approximation. The nature of chemical bonds between metal-metal and metal-ligand has been investigated using the QTAIM topological approach 39 with the AIMALL software. 
EXPERIMENTAL RESULTS
Palladium and titanium vapor were condensed with relatively dilute mixtures of CO in argon (0.1%) at 20 K or at 12 K but at higher CO concentration (between 0.5 and 2%). In the Figure 1 , the first spectrum presents the result for the Ti+CO reaction ( Figure 1a ). We observe a band at 1769.1 cm -1 assigned to Ti 2 (CO) 2 and some bands assigned to Ti x (CO) y species 7 . For the Pd+CO reaction (Figure 1b) , we observe several bands, two at 1856.5 and 1867.9 cm -1 assigned to Pd 2 CO (br), and a band at 1729. A series of experiments were performed at 12 K using different CO concentrations (ranging from 0.5% to 2%) with constant concentration of metal. At low CO concentration (0.5%), we observed three absorptions in the CO stretching region (Figure 2a ). When we increase the concentration to 1%, the bands observed in Figure 1c appear. Between these two spectra, the intensity of the bands at 1908. 4 (Figure 4 . B). These two supplementary bands assigned the presence of three carbonyl groups in this molecule. These observations will be discussed in more details in the section devoted to the vibrational analysis. The bands at 1790. 
Irradiations at different wavelengths in the visible and near-UV were carried out. Only one in the range 450-600 nm giving rise significant effects will be described below. The Pd and Ti concentration remains high, that of CO in Ar is 2/1000. As photoconversion processes are noticeably dependent on the initial state, the results reported below describe irradiation performed just after deposition. The Figure 5 shows two bent end-on structures (S1 and S3) are isoenergetic (D 0 = -24.7 kcal/mol), but the -bridge structure (S2) is slightly less stable than two bent structures by about of 5 kcal/mol. We should note that the three structures of PdTi(CO) optimized at the singlet state were found significantly above the triplet states (see the Supporting Information). Two transition states (TS12 and TS23) were found which connect S1 to S2, and S2 to S3, respectively. We note that the S2 conversion to S1 structure occurs by overcoming a small energetic barrier (less than 1 kcal/mol), while the barrier height between S2 and S3 is calculated to be large enough ( 12 kcal/mol) to prevent any thermal conversion at low temperature. Consequently, the triplet S1 and S3 structures corresponding to the global minima are actually candidates to be experimentally observed in cold rare gas matrix. Distances are in Å and angles in degrees.
For the PdTi-polycarbonyl compounds, we optimized six structures for PdTi(CO) 2 and one structure belonging to the C 3v group for PdTi(CO) 3 . The singlet structure in the latter case is calculated to be above the triplet one by 3.8 kcal/mol. The PdTi(CO) 2 and PdTi(CO) 3 compounds are predicted to have spin triplet ground states with C 2v and C 3v symmetry, respectively ( Figure 8 ). All the optimized structures are reported in the Supporting Information. Binding energy corrected for the zero-point energy has been calculated to be -21.2 and -32.0 kcal/mol for PdTi(CO) 2 and PdTi(CO) 3 with respect to E(PdTiCO Ti-eo)+E(CO) and E(PdTi(CO)2)+E(CO). The energy gain relative to the addition of a third carbonyl is most important than that for the first and second one. However, it must be remembered that this energy shift reflects the global geometrical variation in the structure of the studied compounds. For instance, the C-O bond length (just like to Ti-C distance) increases as PdTiCO Pd-eo < PdTiCO Ti-eo < PdTi(CO) 3 < PdTi(CO) 2 , while the Ti-Pd distance varies as PdTiCO Ti-eo < PdTiCO Pd-eo < PdTi(CO) 2 < PdTi(CO) 3 . 
Nature of chemical bonding
According to the QTAIM, the positive values of the Laplacian at the bond critical point (BCP) are associated with closed-shell interactions, whereas, ∇ 2 ρ < 0, indicates shared interactions (covalent bonds). In addition, the sign and magnitude of the total electronic energy density at the BCP, H(r), is usually used as another criterion to evaluate the importance of sharing of electrons (when H(r) < 0). In Table 2 A multivariate simultaneous analysis of the variation of two parameters -namely distance and electron density at BCP -for each chemical bonds evolved in compounds, allows us not only to understand the variation of the force constant but also to highlight the distribution of vibrational energy within various bonds. To illustrate such an analysis, we compare the two monocarbonyl species, PdTiCO Pd-eo and PdTiCO Ti-eo In going from Pd-eo to Ti-eo, we note that the Pd-Ti distance decreases while the C-O bond length increases slightly. This is consistent with the change in the electron density on the Pd-Ti and C-O bond critical points. It is therefore expected that the Pd-Ti vibrational frequency is higher in PdTiCO Ti-eo than in PdTiCO Pd-eo. In a similar way, the C-O vibrational frequency is found to be greater in PdTiCO Pdeo than in PdTiCO Ti-eo (see Figure S1 ). These opposite trends -for both interatomic distances and vibrational frequencies -make these two species remain substantially isoenergetic.
One can easily note that the presence of a BCP between two metal centers in all the studied compounds, even though its electron density slightly decreases when adding a carbonyl ligand. The bonding between C atom and metal center decreases in going from monoligand to triligand compounds leading to a quasi-identical electron density at Pd -C and Ti -C BCPs in the triple -bridge PdTi(CO) 3 
Vibrational analysis and comparison with calculations
All the experimentally observed vibrational frequencies for various isotopic substitutions as well as the corresponding DFT calculated harmonic wavenumbers are reported in Table 3 . However, a complete listing of all the calculated frequencies for all the studied compounds is provided in the Supporting information.
In our experiments, no band has been detected in the far infrared region. It is in line with our theoretical data that infrared intensities are very small in the far infrared region (see Supporting information). Accounting for the detectivity of the argon matrix setup, only modes with intensities larger than 35 km/mol are likely to be observed. Over all the calculated frequencies for PdTiCO (Pd-eo), PdTiCO (Ti-eo), PdTi(CO) 2 , and PdTi(CO) 3 , only two vibrational frequencies have been calculated to have an IR Intensity greater than 35 km/mol: a band located at 270 cm -1 band (in-plane Pd-C-O bending) for PdTiCO (Pd-eo) and another one at 378 cm -1 (in-phase out-of-plane Pd-C-O bending) for PdTi(CO) 2 , for which the IR intensities are 47 and 49 km/mol respectively. This spectral region (200 -400 cm -1 ) is congested by strong absorptions at 310 and 263 cm -1 which belonged to Pd(CO) 4 and Pd(CO) 2 , 10 respectively. for the frequency at 1808.9 cm -1 . We can thus deduce the anharmonicity of the C-O stretching vibrational frequency (5.4 cm -1 ) which is similar to the typical value for an asymmetric stretching overtone of a transition metal tricarbonyl 41 . For these reasons, we attributed the 3607.2 cm -1 band to the asym 2 CO of PdTi(CO) 3 .
As shown in the experimental results, the PdTi heterodimer reacts spontaneously with CO to form two PdTi-carbonyl coumpounds: PdTiCO and TiPdCO. Visible irradiation in the 450-600 nm range provides sufficient energy for the PdTiCO Ti-eo molecule to overcome the reaction barrier to give the PdTiCO Pd-eo molecule (Fig. 7) . The confirmation of this interconversion is obtained through the kinetic study. Our DFT calculations revealed that this isomerization reaction was 17 kcal/mol, Our DFT calculations show that the energy barrier between PdTiCO and TiPdCO is 17 kcal/mol, and the relative energy values of these two molecules are the same (-24.7 kcal/mol), and the intensities of the CO stretching vibration are close (1254 and 1100 km/mol for PdTiCO Ti-eo and PdTiCO Pd-eo, respectively, Supporting Information). With the same relative energy, the PdTiCO Ti-eo and PdTiCO Pd-eo molecules must be formed in the same amounts in the sample, but the experimental result is different than calculated one since the experimental CO intensity for PdTiCO Ti-eo is 2.5 times higher than for PdTiCO Pd-eo, and the calculated ratio is 1.14 (1254/1100). This experimental observation can be explained by the absence of bridged structure (PdTiCO -bridge) in our experiment. Indeed, the energy barrier between transition state (TS12) and the PdTiCO -bridge structure is nearly negligible (1 kcal/mol) it seems that this barrier is not high enough to allow this structure to be stabilized in the Ar matrix, which turns into PdTiCO Ti-eo ( Figure 7 ). We can assume that in the entrance of reaction, the PdTiCO Ti-eo, PdTiCO Pd-eo and PdTiCO -bridge molecules are formed in a same amount, and since all the PdTiCO -bridge molecules turn into PdTiCO Ti-eo molecules, the theoretical intensity ratio between PdTiCO Ti-eo and PdTiCO Pd-eo should be 21.14=2.3, in agreement with the experimental one.
Using laser ablation technique for producing Ti atoms, Andrews et al. observed TiCO molecule in excess argon 25 , but by thermal evaporation technique, TiCO is not observed 26 , and our results on the Ti + CO reaction are in agreement with this late observation. In this case it is impossible to form S1 from the reaction TiCO + Pd. PdTiCO Ti-eo, PdTiCO -bridge, and PdTiCO Pd-eo can be only formed from diatomic Pd-Ti with CO molecule in the excess argon matrix. In fact, with a sample at low CO/Ar concentration, 1/1000, we observe the formation of a small amount of PdTiCO Ti-eo and PdTiCO Pd-eo at 12 K. Annealing the sample at 20, 26 and 30 K after deposition allows the Ti and Pd atoms to diffuse in the matrix. After each annealing we observed the growth of the CO bands for the two isomers. This observation means that PdTi reacts with CO in the ground state.
Since Pd 2 CO end-on and PdTiCO Pd-eo have a similar structure, we can compare these two molecules. Indeed, the Pd-C-O and M-Pd-C (M=Ti or Pd) angles, the C-O length, and the CO frequency are similar for both molecules: 169° versus 161°, 116° versus 125°, 1.15 versus 1.14 Å, 2015 versus 2009 cm -1 ,
for Pd 2 CO versus PdTiCO Pd-eo, respectively. However, the Pd-C bond length makes the distinction between these two molecules: it changes from 1.87 Å in Pd 2 CO to 1.95 Å in PdTiCO Pd-eo. This lengthening implies a weakening of the Pd-C bond.
CONCLUSION
The study of the Pd + Ti+ CO reaction was performed by coupling matrix isolation FTIR spectroscopy and DFT calculations. New infrared absorption data have been observed for PdTi(CO) n (n=1-3) molecules.
The intense bands of the CO stretching appear in 2010-1700 cm -1 range and another absorption is observed in the near-infrared around 3600 cm -1 for PdTi(CO) 3 . Our technique of sublimation of Ti and Pd atoms from two filaments heated separately allowed the formation of molecules from the ground state reagents. The experimental data obtained in argon, with the help of isotopic effects, are fully supported by theoretical calculations. The most relevant structural and energetic data for the lowest lying structures have been calculated for the PdTi(CO) n ( n=1-3), studied molecules. Selective irradiation in the 450-600 nm range leads to conversion between two isomers distinguished by the stretching frequency of the diatomic CO:
PdTiCO Ti-eo (ν CO =1908.4 cm -1 ) and PdTiCO Pd-eo (ν CO =2009.3 cm -1 ). Finally, unlike to the singlet bridged Pd 2 CO the Ti atom carrying two single -electron is bonded to the Pd atom via a bond critical point within the PdTi(CO) 1-3 molecules.
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